Background: Published genome-wide association studies (GWAS) are mainly European-centric, 4 6 examine a narrow view of phenotypic variation, and infrequently interrogate genetic effects shared across 4 7 traits. We therefore examined the extent to which a multi-ethnic, combined trait GWAS of phenotypes 4 8 that map to well-defined biology can enable detection and characterization of complex trait loci. 4 9
AUTHOR SUMMARY 6 5 INTRODUCTION 7 2
Genetic susceptibility underlies a majority of common diseases and traits, shown by genome-wide 7 3 association studies (GWAS) that have identified thousands of genetic loci for traits such as 7 4 cardiovascular, cardiometabolic, cancer, kidney, psychiatric, ocular, inflammatory, and neuromuscular 7 5 conditions(1). The many GWAS reports have revealed both common threads underlying the genetic 7 6 architecture of complex diseases and traits, as well as research gaps. For example, evidence of shared 7 7 genetic effects (i.e., pleiotropy) is widespread, even for traits with few known etiologic links(2,3). Yet 7 8 few studies have systematically examined evidence of shared genetic effects, thereby missing 7 9
opportunities to identify and characterize master regulators as strong candidates for intervention (2, 4) . 8 0
There is also limited racial/ethnic diversity, inasmuch as the majority (>80%) of GWAS participants have 8 1 been of European ancestry 3 . Limited diversity leads to a biased view of human variation that hinders 8 2 translation of genetic associations into clinical and public health applications for all populations (5, 6) . 8 3 Further, the scale and collaborative nature of current GWAS analyses prioritize traits that are widely 8 4
Population Architecture using Genetic Epidemiology (PAGE) study and the Multi-Ethnic Study of 9 7
Atherosclerosis (MESA). Our results illustrate the broad utility of multi-ethnic GWAS analyses of 9 8 carefully constructed individual and aggregate traits to illuminate the biology of complex diseases and 9 9
traits. 1 0 0 RESULTS 1 0 1 Sample description 1 0 2
Of the 39,538 participants with GWAS and ECG data in ARIC, HCHS/SOL, MESA, and WHI, 34,668 1 0 3 (88%) met all inclusion criteria (Tables S1, S2). Seventy-five percent of eligible participants were female, 1 0 4 the mean age was 55 years, and nearly half were either Hispanic/Latino (30%) or African American 1 0 5 (15%) ( Table S4 ). On average, participants were overweight (BMI mean = 29 kg/m 2 ) and had high serum 1 0 6 low-density lipoprotein cholesterol (mean = 135 mg/dL). There was a high prevalence of hypertension 1 0 7 (49%). Holding all adjustment variables constant, P wave and TP segment durations were the most 1 0 8 strongly correlated among the six ECG traits (partial correlation ρ =-0.65), whereas T wave and P wave 1 0 9 durations (ρ=0.01) as well as QRS and PR durations (ρ=-0.02) were largely uncorrelated (Table S5 ). 1 1 0 1 1 1
Overview of association results 1 1 2 Approximately 22M SNPs met our inclusion criteria and were used to assess for associations with the six 1 1 3 contiguous and two composite ECG traits (Figures S1, S2) . Lead SNPs at 82 of 149 loci (56%) previously 1 1 4
reported by 26 interval scale ECG trait GWAS analyses (Table S6 ) were identified at genome-wide 1 1 5 significance in our multi-ethnic population. The successful identification of previously recognized loci 1 1 6 varied by trait (Table S7) , ranging from 21 of 45 (47%) loci for QRS interval, to nine of 14 (64%) loci for 1 1 7 P wave. When using a lower significance threshold of p aSPU <0.0003 (0.05/149), 123 of the 149 (83%) 1 1 8 previously recognized interval scale ECG trait loci were identified. 1 1 9
An additional six loci were >500 kb away from all lead SNPs previously reported by interval scale ECG 1 2 0 trait GWAS and are presented as novel (Table 1, Figure 1) . As described below, our results highlight the 1 2 1 utility of phenotype decomposition, ancestral diversity, and combined-phenotype testing for the 1 2 2 identification and characterization of complex trait loci. 1 2 3 Table 1 . Novel genome wide-significant (p aSPU < 5x10 -9 ) loci discovered in genome-wide association study of six contiguous electrocardiographic 1 2 4 traits that decompose an average heartbeat in N=34,668 participants from the multi-ethnic Population Architectures using Genomics and 1 2 5
Epidemiology study and the Multi- 
aSPU: adaptive sum of powered tests 1 2 8
AA: African American, CHN: Chinese-American, EA: European-American, HIS: Hispanic/Latinos 1 2 9
Bolded values exceed the genome-wide significance threshold (p<5×10 -9 ) 1 3 0 Outer stars denote novel loci and darker shades of green indicate lower p-values. To aid interpretation, 1 3 4 lead SNPs were organized into broadly similar groups using hierarchical cluster analysis. Of the six novel loci identified for the contiguous traits, two loci were identified for P wave and one locus 1 3 9 each was identified for PR segment, QRS interval, T wave, and TP segment. None of the novel loci were 1 4 0 associated with ST segment or affected multiple contiguous ECG traits at genome-wide significance 1 4 1 levels. We then contrasted results for the six contiguous ECG traits with results from the two composite ECG interval) ECG trait (Table 1) . We also examined evidence of consistency of SNP effects by grouping 1 4 7 traits according to whether they affected atrial (PR interval, PR segment, and P wave) or ventricular (QT 1 4 8 interval, QRS interval, T wave, and ST segment) conduction. For atrial traits, novel loci identified for the 1 4 9 contiguous traits had varying directions of effects (Figure 2a , Table S9 ), which when combined resulted 1 5 0 in near-zero estimated effects for the composite trait. For example, every copy of the T allele for PITX2 1 5 1 lead SNP rs13143308 increased P wave duration by 0.63 milliseconds [ms] (p univariate =2x10 -11 ), but 1 5 2 shortened the PR segment by 0.58 ms (p univariate =6x10 -4 ). However, when evaluated together as the 1 5 3 composite trait PR interval, every copy of the rs13143308 T allele prolonged the PR interval by 0.03 ms 1 5 4 (p univariate =0.84). Similarly, among the 59 loci associated with ventricular conduction, two of the three 1 5 5 novel loci (rs142166837 and rs13047360) had opposite effects on QRS interval and T wave duration, Table S9 ). There were no instances of either PR or QT interval identifying a novel locus not associated with any of the six contiguous traits at the genome-wide level. Lead SNPs at five of the six novel loci were common (MAF >5%) across ancestral populations, with little 1 6 9 evidence of heterogeneity of effect across race/ethnicity (Table S8 ). One locus (CD36) showed evidence 1 7 0 of population specificity, with lead SNP rs3211938 near-monomorphic in European and Chinese 1 7 1 populations (MAF<0.01%), infrequent in Hispanic/Latinos (MAF=1%), and common in African Americans (MAF=10%). Variant rs3211938 showed genome-wide significant associations with TP 1 7 3 segment (p univariate =1×10 -13 ) and QT interval (p univariate =6×10 -10 ) and nominal associations with P wave 1 7 4 (p univariate =2×10 -5 ), PR segment (p univariate =0.008), and QRS interval (p univariate =0.005). Although no GWAS 1 7 5 of TP segment has been published, each copy of the rs3211938 G allele increased QT interval by 3.70 ms. Reported effects for common (MAF>5%) QT lead SNPs range from 0.5 ms to 3.5 ms(13). SNP 1 7 7 rs3211938 was either genotyped or well-imputed across studies and ancestry groups (imputation quality > 1 7 8 0.89, Table S10 ). We found widespread evidence of shared genetic effects across ECG traits. One fourth of lead SNPs 1 8 2 identified as genome-wide significant (P aspu <h5x10 -9 ) had univariate associations with at least two ECG 1 8 3 traits (p Univariate <5x10 -9 ). Lead SNPs at ACVR2B, SCN5A, SCN10A, CEP85L, CAV1, and TBX5 were 1 8 4 associated with three or more ECG traits at univariate genome-wide significance levels. As expected, 1 8 5 traits that were more highly correlated also showed stronger evidence of shared genetic effects, with 10 of 1 8 6 the 20 lead SNPs that were associated with PR segment also showing genome-wide associations with TP 1 8 7 segment. However, evidence of shared genetic effects among uncorrelated traits was also observed. For example, eight genome-wide significant SNPs at SCN5A, SCN10A, CEP85L, and CNOT1 exhibited 1 8 9 significant univariate associations with both the T wave and P wave, despite low correlation between the 1 9 0 two traits (ρ = 0.02). There also was evidence of allelic heterogeneity for multiple ECG traits. As an example, five signals in The six traits we used in our ECG decomposition were motivated by their relations to physiology, and 2 3 2 their coherence as an aggregate electrophysiologic phenotype. While an important complement to 2 3 3 traditional, coarser measures like the PR and QT intervals, our phenotype decomposition approach that 2 3 4 identified novel loci and improved characterization of known loci captured but a fraction of the full 2 3 5 variation in ECG phenotypes; further phenotypic specificity and additional biologic insight may be A complementary approach might select traits that are governed by a shared genetic architecture, such as to map loci to specific biologic pathways. Further extending combined phenotype ECG trait GWAS to 2 4 0 include other phenotypes and traits (e.g. cardiometabolic traits or cardiovascular diseases) also is 2 4 1 warranted, given evidence that these traits represent interrelated manifestations of common biologic practices that likely will vary across complex traits. Despite mounting interest in combined phenotype statistical approaches, their merits for novel locus 2 4 8 discovery and locus characterization remain largely untested. Here, combined phenotype analysis of 2 4 9 contiguous ECG traits did not identify novel loci that eluded traditional univariate analyses, despite the 2 5 0 purported ability of combined phenotype methods to increase statistical power. However, preliminary 2 5 1 evaluation of TBX5, a locus harboring multiple independent signals, suggested that combined phenotype 2 5 2 approaches may be particularly informative for fine-mapping. Supporting the extension of combined 2 5 3 phenotype methods to fine-mapping are methods that have been specifically developed for this is the potential linkage with sudden cardiac arrest (SCA), for which QT interval prolongation increases 2 7 0 risk(31). SCA accounts for approximately 10-20% of total mortality in industrial countries(32), and 2 7 1 several decades of research have suggested a contributory role of impaired fatty-acid uptake in 2 7 2 cardiomyocytes. Although genetic studies of CD36 and SCA were largely null(33,34), the use of 2 7 3 predominantly European ancestral populations constrained evaluation of rs3211938, which is near 2 7 4 monomorphic in all populations except those of African descent. Overall, these results highlight the 2 7 5 potential for racially/ethnically diverse studies to provide novel biological insights, beyond the reach of predominantly European ancestral populations. Limitations of our study point to several promising directions for future work. First, we lacked a 2 7 8 replication cohort, reflecting the rarity of multi-ethnic studies with high-resolution ECGs from which to 2 7 9 derive the six contiguous ECG traits. However, this study is the largest multi-ethnic GWAS of ECGs to-2 8 0 date, with excellent statistical power, and we identified loci that are biologically plausible. Second, we 2 8 1 limited our evaluation to common variants, although previous studies have demonstrated the utility of 2 8 2 interrogating rare variants, particularly in the context of multi-ethnic studies (35, 36) . Our focus on 2 8 3 common variants reflects the current limitations of combined phenotype methods for interrogating rare 2 8 4 variants in complex samples or with summary data. Widespread interest in this approach suggests that 2 8 5 this gap may be closed soon. Further, while this study helps address the lack of diversity in ECG trait 2 8 6 GWAS, the small number of Chinese American participants limited our ability identify loci that were broadly. Finally, we did not perform in-depth fine-mapping, although approaches that leverage multiple 2 9 0 phenotypes have been described (20) . Identification of allelic heterogeneity provides a clear impetus for 2 9 1 future studies that leverage evidence of a shared genetic effects to disentangle the genetic architecture 2 9 2 underlying ECG traits and, more broadly, complex traits. This study illustrates three strategies to improve the efficiency of locus discovery. Of these, our findings 2 9 5 emphasize the importance of carefully constructed phenotypes and of ancestral diversity for novel locus 2 9 6 identification. In contrast, combined phenotype methods did not enable identification of novel loci 2 9 7 unapparent using traditional approaches, although combined phenotype studies did inform 2 9 8 characterization of known loci. As researchers contemplate the next generation of genomics studies, 2 9 9 increased phenotype resolution and ancestral diversity will be crucial to understanding the ever-expanding 3 0 0 "phenome," while ensuring equitable access to precision medicine. The multi-ethnic PAGE study(6) is a consortium funded by the National Human Genome Research African American, Chinese American, European American, and Hispanic/Latino populations also were Ten-second, resting, standard 12-lead ECGs were collected following standard protocols (online 3 1 6 supplement). To enable direct comparison with the published literature, we used exclusion criteria from 3 1 7 published GWAS of QT interval, QRS duration, PR interval, and P wave . Poor-quality ECGs and ECGs 3 1 8 exhibiting severe abnormalities were excluded (Table S1, S2). Also excluded were participants with 3 1 9 prevalent heart failure or coronary heart disease, and participants taking any class I or III anti-arrhythmic
Figure 1. Lead SNPs at 87 loci significantly associated (p aspu <5x10 -9 ) with six contiguous ECG traits
We temporally decomposed the ECG waveform into six contiguous ECG traits, each reflecting distinct 3 2 3 physiological processes: P wave, PR segment, QRS interval, ST segment, T wave, and TP segment 3 2 4 ( Figure 4 ). Three of the six contiguous traits were measured directly from maximum readings across all 3 2 5 12 ECG leads (P wave, QRS interval, T wave), and were used to construct the remaining three traits, as 3 2 6 detailed in supplementary material. We also evaluated two composite ECG traits that are widely available 3 2 7 and have been examined in numerous GWAS analyses: the QT interval(13) and the PR interval(14). The the AV-node. The QT interval spans the contiguous QRS interval, ST segment, and the T wave, Imputation was performed across studies, using the 1000 Genomes Project phase 3 reference panel (Table   3 3 7 S3). In addition to study-specific quality control protocols, we excluded SNPs meeting any of the inflation factors (λ) and plotting the expected distribution against observed results. To evaluate evidence of shared genetic effects across all six contiguous ECG traits, meta-analyzed 3 7 3
univariate results were combined with aSPU(43). The aSPU procedure was selected based on its with other available procedures (data not shown), and its scalability to 1000 genomes imputed data. We 3 7 6
implemented aSPU using Julia 1.0 to optimize efficiency, and made the code freely available as a Julia aSPU uses meta-analyzed univariate summary z-scores, calculated for each SNP across all k traits. against a number of different alternative hypotheses. Multi-ethnic combined phenotype results were presented as the primary findings, employing Bonferroni 3 9 1 correction assuming 10M SNP tests (i.e. p aSPU <5×10 -9 ). Ancestry-specific and ECG-trait specific analyses 3 9 2
were performed to aid interpretation of results and are considered sensitivity analyses. Previously-reported SNPs were identified through review of the NHGRI-EBI GWAS Catalog(12) as of 3 9 5
January 22, 2019 ( Supporting material and methods, tables (S1-9), and figures (S1-2) are included in two additional files Multiethnic Study of Atherosclerosis (MESA). Table S10 Imputation quality scores of all novel variants reported in this study. The PAGE consortium thanks the staff and participants of all PAGE studies for their important 4 5 8
contributions. The complete list of PAGE members can be found at http://www.pagestudy.org. The authors thank the WHI investigators and staff for their dedication, and the study participants for The authors thank the staff and participants of the ARIC study for their important contributions. More detail about the ARIC study may be found at: https://sites.cscc.unc.edu/aric/.
6 8
Genotyping for MESA was performed at Affymetrix (Santa Clara, California, USA) and the Broad 4 6 9
Institute of Harvard and MIT (Boston, Massachusetts, USA) using the Affymetrix Genome-Wide Human 4 7 0 SNP Array 6.0. We also thank the other investigators, the staff and the participants of MESA for their S  a  n  k  a  r  P  L  ,  P  a  r  k  e  r  L  S  .  T  h  e  P  r  e  c  i  s  i  o  n  M  e  d  i  c  i  n  e  I  n  i  t  i  a  t  i  v  e  '  s  A  l  l  o  f  U  s  R  e  s  e  a  r  c  h  P  r  o  g  r  a  m  :  a  n  a  g  e  n  d  a  f  o  r  5  2  3   r  e  s  e  a  r  c  h  o  n  i  t  s  e  t  h  i  c  a  l  ,  l  e  g  a  l  ,  a  n  d  s  o  c  i  a  l  i  s  s  u  e  s  .  G  e  n  e  t  i  c  s  i  n  M  e  d  i  c  i  n  e  .  2  0  1  7  J  u  l  ;  1  9  (  7  )  :  7  4  3  -5  0  .  5  2  4   1  9  .  V  a  n  d  e  r  W  e  e  l  e  T  J  ,  A  s  o  m  a  n  i  n  g  K  ,  T  c  h  e  t  g  e  n  T  c  h  e  t  g  e  n  E  J  ,  H  a  n  Y  ,  S  p  i  t  z  M  R  ,  S  h  e  t  e  S  ,  e  t  a  l  .  G  e  n  e  t  i  c  5  2 
